1 The nucleotide and amino acid sequences reported in this paper have been entered in GenBank/DDBJ/EMBL under the accession number AB088203 and AB088204 for vanabin1 and vanabin2, respectively. 
Introduction
Early last century, it was revealed that the blood cells of ascidians (tunicates, or sea squirts), especially those belonging to the class Ascidiacea in the suborder Phlebobranchia, accumulate extremely high levels of vanadium from seawater [1] . Simultaneously, it was discovered that a homogenate of their blood cells was extremely acidic [1] [2] [3] [4] . These unusual phenomena have attracted the interdisciplinary attention of both biologists and chemists because of considerable interest in the possible role of vanadium in oxygen transport as a third possible prosthetic group in respiratory pigments in addition to iron and copper, and in part because of the strong interest in the extraordinarily high levels of vanadium never before reported in other 2 organisms.
The other reason why much of the interest developed is because of ascidian phylogeny.
Ascidians belong to the Chordata. Many researchers regard ascidians as a good "model" organism because molecular biology has revealed that ascidians have key chordate features in common with the vertebrates. Moreover, their genome size is relatively small (~160 million bases) and they possess fundamentally all of basic developmental genes. They are, therefore, one of model organisms for genome sciences [cf. 5] . Many scientists have been interested in the reason why ascidians have such unique nature to accumulate vanadium the more because ascidians are relatively close animal to the vertebrates (for review, see [6] [7] [8] ).
Recently, we identified three vanadium-binding proteins (vanabins), originally called vanadium-associated proteins (VAPs), in the blood cells of Ascidia sydneiensis samea [9] . These vanabins were identified by a combination of anion exchange chromatography and atomic absorption spectrometry. They include at least two major proteins with apparent molecular weights of 12.5 and 15 kDa, and a minor 16-kDa protein. These proteins bound vanadium at a ratio of 16 vanadium ions per protein on average [9] , suggesting that there is a specific interaction between these proteins and vanadium ions. By using a specific antibody, the proteins have been shown to be localized in the cytoplasm of vanadocytes [9, 10] .
In this article, we report the cloning and metal binding analysis of 12.5-and 15-kDa vanabins. These proteins were rich in cysteine residues and the intervals between the cysteines were highly regular. We used recombinant proteins of these two independent but related vanabins, 
Materials and methods

Cloning vanabin cDNA
Vanabins (12.5-, 15-and 16-kDa) were purified from blood cells of Ascidia sydneiensis samea as described [9] . The N-terminal partial amino acid sequences of the three vanabins were determined by the Edman degradation method [11] . The molecular weights of the vanabins were determined by the matrix assisted laser desorption/ionization (MALDI) method using Voyager [12] . To clone cDNAs encoding vanabins, we first used an immunoscreening methods as previously described [12] . Briefly, a nitrocellulose membrane dipped in 10 mM IPTG was placed on the plaques for 3 hours at 37°C. After the membrane had been incubated in a buffer containing 1% bovine serum albumin, it was reacted with polyclonal antibodies against vanabins [9] . Positive plaques were re-screened until they were cloned. The DNA sequence was determined by dideoxy methods using ALFexpressII automated DNA sequencer (Amersham Pharmacia Biotech., Inc). were purified and cloned into pBluescript vector. The cDNA fragment was used as a probe to screen full-length cDNAs from the cDNA library.
Recombinant Protein Expression
The cDNA regions corresponding to putative mature vanabins were amplified by PCR 
Metal Binding Assay
All buffers were prepared from deionized water and ultrapure-grade reagents, and then from 95°C to 900°C in 10 seconds, at 900°C for 10 seconds, at 1,600°C for 3 seconds, and at 2,700°C for 3 seconds. The molar ratio of metal per protein was calculated for the fraction with the protein peak. The results were analyzed by Scatchard plot [14] and statistical significance was assessed using Student's two-tailed t-test.
Results
Isolation of vanabin cDNAs
In this study, we first determined the N-terminal amino acid sequence of the three vanabins in order to clarify their molecular nature. The N-terminal amino acids were almost identical in the 15-and 16-kDa vanabins (15-kDa vanabin;
, suggesting that they are encoded by the same gene or by very similar genes. The other vanabin, the 12.5-kDa vanabin, had a different
We first tried to isolate cDNAs for the three vanabins by immunoscreening with polyclonal antibodies that recognize the three vanabins, and succeeded to clone cDNAs for 12.5-kDa vanabin. For the cloning of cDNAs for 15-kDa vanabins, we used polymerase chain reaction (PCR) method using degenerate primers corresponding to the N-terminal sequences of the vanabin. The amino acid sequences deduced from the cDNAs of both the 12.5-and 15-kDa vanabins had an N-terminal hydrophobic region, which may function as a signal sequence for protein translocation and seems to be processed after translation (Fig. 1) .
In both vanabins, the hydrophobic region is followed by amino acid sequence corresponding to that determined by Edman degradation method. Here, we call the region from the N-terminal of the vanabins purified from blood cells to C-terminals deduced from their cDNAs the "mature" protein region. The molecular weights of both the 12. The deduced amino acid sequences of the vanabins were highly conserved (Fig. 1) . Most strikingly, both were rich in cysteine residues (18/87 and 18/91 for mature vanabin1 and vanabin2, respectively) and the intervals between the cysteines were highly regular. Homology search using both sequences by a BLASTP program against public protein databases did not show any proteins with a striking similarity; the scores did not exceed 40, and the E values were no less than 10 -4 .
Although we know that metallothioneins are also rich in cysteines, and that they bind to divalent metal cations, the repetitive pattern of cysteine residues differs between metallothioneins and vanabins. The conserved motif of vanabins can be described as the consensus sequence 
Metal binding ability of vanabins
To examine the metal-binding ability of these vanabins, we produced recombinant proteins in E. coli. Using these proteins, we applied the Hummel-Dreyer method [13] A metal binding assay was done in Tris-HCl buffer at pH 7.4 containing 100 mM NaCl, which prevents non-specific ionic interaction between proteins and vanadium ions. Consequently, vanabin1 was revealed to bind to 10 vanadium(IV) ions per protein (Fig. 2) . The apparent The most striking difference was found for glutamate, which can coordinate to vanadium.
Vanabin2 contains seven glutamate residues, while vanabin1 only contains two. Conversely, vanabin1 contains eleven glycine residues, while vanabin2 contains only one. 
Metal selectivity of vanabins
We then performed competition experiments in order to determine metal selectivity. We analyzed three metal ions: magnesium(II), molybdate(VI), and copper(II). Magnesium(II) was chosen for its structural and functional similarity to vanadium(IV). Vanadium(IV) ions mimic the structural interactions of magnesium(II) with nucleotides [19, 20] , and vanadium(IV) ions can substitute at the magnesium(II) binding site of pyruvate kinase and xylose isomerase [21, 22] .
Molybdate(VI) was chosen because molybdate acts as a structural mimic of vanadium(V) ions, that is, as a potent inhibitor of phosphate-metabolizing enzymes. For example, both vanadium(V)
and molybdate inhibit E. coli alkaline phosphatase [23] . Oligomeric vanadium(V), tungsten(VI), and molybdate(VI) ions all inhibit glycogen phosphorylase by competing against glucose-1-phosphate [24] . The third metal ion chosen was copper(II), since vanabins contain 18 cysteine residues and appear to bind to copper(II) ions, as do metallothioneins.
Neither magnesium(II) nor molybdate(VI) ions inhibited the binding of vanadium(IV)
ions to both vanabins (Fig. 3) , suggesting a specific interaction between vanabins and vanadium ions. On the contrary, the binding of vanadium(IV) ions was significantly inhibited by a 10 molar excess of copper(II) ions (Fig. 3) . We tested whether iron(III) ions bound to vanabin2 alone, but they did not (data not shown).
Combinatorial binding of vanadium and other ions, including iron, to vanabins needs to be analyzed.
Discussion
In this article, we first report the cloning of cDNAs encoding 12.5-and 15-kDa vanabins (vanabin1 and vanabin2, respectively) from an vanadium-accumulating ascidian Ascidia sydneiensis samea. The mature protein deduced from the cDNAs were rich in cysteine residues, whose repetitive patterns were highly conserved between the two vanabins and were distinct from known cysteine-rich proteins such as metallothioneins. As far as we know for the organisms other than A. sydneiensis samea, vanabin-like proteins have only been identified in other vanadium-accumulating ascidian species A. ahodori and Ciona intestinalis [10] and in a polycheate worm Pseudopotamilla occelata which accumulate high levels of vanadium in its fan epithelial cells [26] . It is possible that vanabins only exist in vanadium-accumulating organisms.
We then revealed that vanabin1 and vanabin2 can bind to multiple 10 and 20 vanadium(IV) ions with dissociation constants of 2. for molybdate and 5 × 10 -6 M for tungstate) [29] . The number of binding sites of recombinant vanabins can account for the ratio of vanadium per vanabins purified from blood cells (16:1).
In competition experiments, neither magnesium(II) nor molybdate(VI) ions inhibited the binding of vanadium(IV) ions to both vanabins (Fig. 3) Since vanabins are localized in the cytoplasm of vanadocytes [10] and can bind to vanadium ions in the +4 oxidation state (vanadium(IV)) at binding constant of ~2 × 10 -5 M, vanabins might function as metal chaperone proteins in the cytoplasm rather than proteins for metal storage or detoxification (Fig. 4) . Vanadium is dissolved in the +5 oxidation state (vanadium(V)) in the natural environment, such as in seawater [30] . Vanadium(V) might be taken up by ascidians via the branchial sac, stomach or intestine, and transferred into the coelomic fluid (blood). In the coelomic fluid, vanadium ions might be captured by a carrier protein, such as a vanabin-like protein, or a transferrin-like protein that we have already identified (unpublished data). Most of the vanadium ions in the vanadocytes are reduced to vanadium(IV) and transferred to vacuoles, where vanadium(IV) ions are further reduced to vanadium(III) and stored, although some ions remain as vanadium(IV) in the cytoplasm [31] [32] [33] [34] [35] [36] [37] [38] . Fig. 4 Previously, we showed that vanadocytes express several enzymes in the pentose phosphate pathway, which produces the reducing agent NADPH, and that NADPH can reduce vanadium(V) ions to vanadium(IV) ions [12, [39] [40] [41] [42] . Therefore, we postulate that vanadium(V)
ions are transferred across the cytoplasmic membrane by a metal transporter. Since the cytoplasm of vanadocytes is not acidic and free vanadium(IV) ions readily precipitate at neutral or higher pH,
we propose that vanabins function as cytoplasmic carrier proteins for vanadium(IV) ions, like a copper chaperone for superoxide dismutase (SOD) [43] . Vanabins may also chelate vanadium(V) and help NADPH reduce vanadium(V) to vanadium(IV), which is to be examined in our future study. The reduction of vanadium(V) becomes more favorable when a ligand binds more strongly to vanadium(IV) than to vanadium(V) [42] , and peptides and proteins bind more strongly to d 
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Attempts to characterize the unusual phenomenon shown in ascidians can be, therefore, expected to promote more information not only about the accumulation mechanism of vanadium by one class of marine organisms but also about the accumulation and trafficking of metal ions by almost all living organisms, although the physiological roles of vanadium remain to be explained. 20
Figure legends
